The expansion of the neocortex during mammalian brain evolution results primarily from an increase in neural progenitor cell divisions in its two principal germinal zones during development, the ventricular zone (VZ) and the subventricular zone (SVZ). Using mRNA sequencing, we analyzed the transcriptomes of fetal human and embryonic mouse VZ, SVZ, and cortical plate. In mouse, the transcriptome of the SVZ was more similar to that of the cortical plate than that of the VZ, whereas in human the opposite was the case, with the inner and outer SVZ being highly related to each other despite their cytoarchitectonic differences. We describe sets of genes that are up-or down-regulated in each germinal zone. These data suggest that cell adhesion and cell-extracellular matrix interactions promote the proliferation and self-renewal of neural progenitors in the developing human neocortex. Notably, relevant extracellular matrix-associated genes include distinct sets of collagens, laminins, proteoglycans, and integrins, along with specific sets of growth factors and morphogens. Our data establish a basis for identifying novel cell-type markers and open up avenues to unravel the molecular basis of neocortex expansion during evolution.
The expansion of the neocortex during mammalian brain evolution results primarily from an increase in neural progenitor cell divisions in its two principal germinal zones during development, the ventricular zone (VZ) and the subventricular zone (SVZ). Using mRNA sequencing, we analyzed the transcriptomes of fetal human and embryonic mouse VZ, SVZ, and cortical plate. In mouse, the transcriptome of the SVZ was more similar to that of the cortical plate than that of the VZ, whereas in human the opposite was the case, with the inner and outer SVZ being highly related to each other despite their cytoarchitectonic differences. We describe sets of genes that are up-or down-regulated in each germinal zone. These data suggest that cell adhesion and cell-extracellular matrix interactions promote the proliferation and self-renewal of neural progenitors in the developing human neocortex. Notably, relevant extracellular matrix-associated genes include distinct sets of collagens, laminins, proteoglycans, and integrins, along with specific sets of growth factors and morphogens. Our data establish a basis for identifying novel cell-type markers and open up avenues to unravel the molecular basis of neocortex expansion during evolution.
cerebral cortex | neural stem cells | neurogenesis N eocortex expansion is a hallmark of mammalian brain evolution. With regard to neuron number, a major cause of this expansion is the increase in the population size of neural stem and progenitor cells (NSPCs) and the number of divisions that each of the various NSPC types undergoes during cortical development (1) (2) (3) (4) . Two principal classes of these cells can be distinguished based on the location of their mitosis: (i) apical progenitors (APs), which undergo mitosis at the luminal surface of the ventricular zone (VZ); and (ii) basal progenitors (BPs), which undergo mitosis at an abventricular location, typically in the subventricular zone (SVZ) (2, 5, 6) . Neurons born from AP and BP cell divisions migrate radially and settle at the basal (pial) side of the developing cortical wall to form the cortical plate (CP).
Both APs and BPs comprise several types of NSPCs that differ in key cell biological features (e.g., cell polarity, cell processes, cell-to-cell junctions, nuclear migration) and in the principal modes of cell division (symmetric proliferative vs. asymmetric self-renewing vs. symmetric or asymmetric consumptive) (2, (5) (6) (7) (8) (9) (10) . APs comprise neuroepithelial cells, which transform into apical radial glial cells (aRGCs) at the onset of neurogenesis (11) , and short neural precursors (12) . BPs include basal (or outer) radial glial cells (bRGCs), transit amplifying progenitors (TAPs), and intermediate progenitor cells (IPCs) (2, 3, 13) .
The evolutionary expansion of the neocortex is associated with an increase in the thickness of the SVZ, which develops into two cytoarchitecturally distinct zones, an inner SVZ (ISVZ) and an outer SVZ (OSVZ) (1-4, 14, 15) . The evolutionary increase in the SVZ is accompanied by a change in the proportion of BP subtypes. For example, in the mouse SVZ (mSVZ), ∼90% of the BPs are IPCs, which undergo one terminal round of cell division, and bRGCs and TAPs, which can undergo multiple rounds of cell division, constitute a very minor fraction (13, (16) (17) (18) (19) (20) (21) . In striking contrast, in the human SVZ (hSVZ), about half of the BPs are bRGCs, and TAPs appear to outnumber IPCs (22) (23) (24) . To gain insight into the molecular mechanisms underlying the differences in the germinal zones (GZs) of the developing neocortex, and in the NSPCs contained therein, we analyzed the transcriptomes of the VZ, ISVZ, OSVZ, and CP of the human fetal neocortex, and of the VZ, SVZ, and CP of the mouse embryonic neocortex.
Results and Discussion RNA-Seq of Fetal Human and Embryonic Mouse Cortical Zones. The GZs of the developing neocortex are heterogeneous in terms of the NSPC subpopulations they contain (2, 3) . However, as molecular markers applicable for the isolation of cortical NSPC subpopulations are at best partly known, we decided to obtain RNA separately from the various cortical zones. Specifically, we isolated total RNA from the VZ, ISVZ, OSVZ, and CP of six 13-16 wk postconception (wpc) human fetuses and from the VZ, SVZ, and CP of five embryonic day (E) 14.5 mouse embryos ( Fig. 1A and Fig. S1A ), using laser-capture microdissection of Nissl-stained cryosections of dorsolateral telencephalon (Fig.  S1A ). Similar experimental approaches have successfully been applied previously in mouse but not in humans (25, 26) . Analysis of the RNA quality revealed an RNA integrity number of 8.5-9.5 for all samples (Fig. S1B) . Poly(A) + RNA was used as template for the preparation of 24 human and 15 mouse cDNA libraries (Fig. S1C ), which were then subjected to single-end 76-bp RNA-Seq (Fig. S1D) . Gene-expression levels were quantified as fragments per kilobase of exon per million fragments mapped (FPKM). Relative expression levels across GZs for eight selected human genes as revealed by RNA-Seq were generally (Fig. S2) .
For an initial characterization of the gene-expression patterns in the fetal human cortical zones, we used the FPKM values to calculate pair-wise correlations between the 13-16 wpc samples within a given zone and between the four zones (Fig. 1B) . The resulting correlation coefficients were used to cluster the various 13-16 wpc zones into a correlation dendrogram (Fig. S3A ). This analysis revealed that the transcriptomes of the three GZs were more closely related to each other than to the CP, with the ISVZ and OSVZ being most closely related to each other. Remarkably, the OSVZ showed a slightly closer relationship to the VZ than did the ISVZ, despite its larger spatial distance to the VZ. Only little differences were found with regard to the various fetal stages (13-16 wpc) . Importantly, the same analysis for E14.5 mouse showed that, in contrast to human, the transcriptome of the SVZ was more closely related to that of the CP than was the VZ (Fig. 1C and Fig. S3B ). This finding is consistent with the notion that in human, all three GZs characteristically contain self-renewing NSPCs, whereas in mouse this holds true only for the VZ.
Expression Patterns of Marker Genes. The various human and mouse NSPCs have previously been characterized with regard to the expression of molecular markers, in most cases using immunohistochemistry (2, 3, 5, 6, 8, 27, 28) . We examined the mRNA expression levels of selected markers of APs, BPs, and neurons in the different zones (Fig. S4 ). The mRNA of the AP marker prominin-1 was predominantly expressed in the hVZ and mVZ ( Fig. S4 B and I) . In both species, mRNA levels for Pax6, nestin, and GLAST, known to be expressed by APs and bRGCs (2, 3, 5, 6, 22, 23, (27) (28) (29) , were highest in the VZ and lowest in the CP. Interestingly, these mRNAs were relatively stronger expressed in hISVZ and hOSVZ than in mSVZ ( Fig. S4 B and I ). This finding is consistent with the much higher abundance of bRGCs in hISVZ and hOSVZ than mSVZ (13, (20) (21) (22) (23) as revealed, for example, by the greater proportion of Pax6 + nuclei in hSVZ (Fig. S4E ) than mSVZ (28) .
Markers of TAPs/IPCs and of TAP/IPC-generation (Tbr2, neurogenin-2, Svet1, Insm1) were highly expressed in all GZs but only weakly in the hCP and mCP ( Fig. S4 C and J) . Remarkably, however, the relative levels of the Tbr2 and neurogenin-2 mRNAs were higher in mVZ than mSVZ (Fig. S4J ), whereas the opposite has been observed for the Tbr2 protein by immunohistochemistry (27, 28) . In contrast, the Tbr2 and neurogenin-2 mRNAs were lower in the hVZ than hISVZ and hOSVZ ( Fig.  S4C ), in accordance with Tbr2 immunohistochemistry (Fig. S4F ). These data are consistent with the notion that in mouse the vast majority of BPs are IPCs, which are generated in the VZ (5, 6, (16) (17) (18) (19) 30) , whereas in human most Tbr2 + BPs are thought to be generated in the SVZ (2, 3, 22). (Fig. S4G ). This finding is consistent with the notion that in mouse (17, 19, 31) and human (2, 3), BPs generate substantially more neurons than APs. The similar proportions of neuronal marker mRNAs in the mSVZ and hSVZ indicate that the higher similarity of expression patterns between the VZ and SVZ in human compared with mouse ( Fig. 1 and Fig. S3 ) is not because of a different contribution of neurons, but might indeed reflect the common potential for self-renewal.
Genes Differentially Expressed Between Cortical Zones. We used DESeq ( Fig (Fig. 2B, red and orange) . Interestingly, the 55 genes up-regulated in hOSVZ relative to hVZ, hISVZ, and hCP, as well as the 20 genes up-regulated in the hOSVZ relative to all other human and mouse zones (Dataset S1), included Olig1 and Sox10, which have been implicated in oligodendrogenesis (32, 33) . Moreover, both these gene groups included two highly related but functionally poorly understood genes, KIAA1324 and KIAA1324-like, which showed barely detectable expression in the two mGZs (Dataset S1). These genes are thus potential novel markers for hOSVZ.
To gain insight into the biological processes associated with the large number of genes up-or down-regulated in human CP compared with the VZ, ISVZ, and OSVZ, OSVZ compared with VZ and CP, ISVZ compared with VZ and CP, and VZ compared with ISVZ, OSVZ, and CP (Fig. 2B) , we used DAVID (34) to cluster the functional gene annotation (FGA) terms significantly overrepresented in these sets of genes ( Fig. 2C and Dataset S2). The same analysis was performed among the mouse zones ( Fig. 3A and Dataset S2), hCP vs. mCP, hOSVZ or hISVZ vs. mSVZ, and hVZ vs. mVZ ( Fig. 3B and Dataset S2). From this comparison, four major findings emerged.
First, the majority (53%) of the five FGA terms most enriched among the genes with higher expression in either the hOSVZ, hISVZ, or hVZ were highly related, or identical, to each other, and concerned cell-to-extracellular matrix (ECM) interaction and the secretory processes underlying both the secretion of ECM constituents and the surface delivery of the corresponding receptors (Fig. 2C , Left, and Dataset S2). Second, FGA terms associated with ECM interaction and cell adhesion were enriched among the genes with lower expression in the mSVZ (Fig. 3A, orange Right, and Dataset S2). Third, when comparing mVZ with mSVZ and mCP, FGA terms related to cell division and DNA replication (rather than ECM interactions) were strikingly overrepresented (Fig. 3A, blue Left, and Dataset S2). Fourth, FGA terms associated with ECM interaction, the secretory process, and cell adhesion constituted the vast majority of terms overrepresented among genes with higher expression in hGZs compared with mGZs (Fig. 3B , Left, and Dataset S2). Taken together, these data suggest that NSPCs in hGZs are more dependent on ECM interactions and associated secretory pathways than is the case for mouse. Because the majority of neural NSPCs in the developing human neocortex (APs, bRGCs, and TAPs), in contrast to the majority of mouse BPs, are capable of undergoing self-renewing divisions, ECM interactions may promote the capacity for sustained self-renewal of NSPCs in the hGZs. This notion is consistent with previous observations and concepts (35) (36) (37) (38) and with our previous findings concerning bRGC maintenance in ferrets and its dependence on integrin signaling (23) .
Cluster Analysis of Genes Related to Cell-ECM Interaction. To obtain further insights into the putative role of the ECM for proliferation and self-renewal of NSPCs, we performed mean-shift clustering of those genes for which the DAVID FGA terms included ECM, extracellular region, ECM-receptor interaction, proteoglycan, and basement membrane (referred to as ECM-associated genes). (See Fig. S6 and SI Results and Discussion for the results of mean-shift clustering of all genes.) This analysis yielded nine clusters that differed in the pattern of gene-expression levels across the mouse and human zones (Fig. 4 A-J) . In five of these clusters (Fig. 4 B-F) , the median gene expression in the hVZ and mVZ, hISVZ, and hOSVZ was higher than in the other zones; these clusters are therefore referred to as "GZ clusters." These expression patterns indicated that the genes in these clusters included those of relevance for NSPC self-renewal. Inspection of the gene lists of the five GZ clusters yielded the following insights.
One GZ cluster (198 genes) (Fig. 4 A and B and Dataset S3) contained genes most highly expressed in h/mVZ and to a lesser extent in hISVZ and hOSVZ. Enriched FGA terms included growth factor binding, heparin binding, cell proliferation, basement membrane, and the Notch signaling pathway (Dataset S4). As the expression pattern of this cluster reflected the relative abundance of aRGCs and bRGCs in the hGZs and mGZs, the genes contained therein include candidates for supporting selfrenewal of these NSPCs in an autocrine manner.
Three GZ clusters contained ECM-associated genes more highly expressed in the GZs than CP of human but not mouse (Fig. 4 A, C, D , and F, and Dataset S3). The first cluster showed a median gene-expression pattern hVZ > hISVZ/hOSVZ (126 genes) (Fig. 4 A and C) , and hence may contain genes that specifically support the self-renewal of human-but not mouseNSPCs. The second cluster contained ECM-associated genes most highly expressed in the hVZ but not hISVZ and hOSVZ (68 genes) (Fig. 4 A and D, and Dataset S3). Similarly, a distinct cluster was obtained for the mVZ (79 genes) (Fig. 4 A and E, and Dataset S3). This finding implies that the ECM-associated genes that would specifically support autocrine self-renewal of aRGCs would be distinct for the hVZ and mVZ. The third hGZ cluster showed a median gene-expression pattern hISVZ = hOSVZ but not hVZ (78 genes) (Fig. 4 A and F, and Dataset S3). This cluster presumably contains ECM-associated genes involved in hSVZspecific aspects of NSPC behavior. Strikingly, enriched FGA terms related to regulation of vasoconstriction, blood vessel remodeling, and hormone activity were found in this, but not in the other GZ clusters (Dataset S4). that are up-regulated (Left, >) and down-regulated (Right, <) in a given zone compared with the other zones indicated of the 14-16 wpc human neocortex were analyzed for significantly enriched FGA terms which were clustered, using DAVID. The five clusters with the highest enrichment scores are shown. Note that for certain FGA terms enriched in the various GZs, the same designation were chosen (e.g., secretory pathway), although the individual genes in these clusters were different.
In addition to the five GZ clusters, we obtained four clusters, referred to as "CP clusters," that contained ECM-associated genes more highly expressed in the hCP and/or mCP than in the hGZs and mVZ (Fig. 4 G-J and Dataset S3). These genes are likely not of relevance for NSPC self-renewal. The CP clusters consisted of two with genes most highly expressed in the hCP and mCP [43 genes (Fig. 4H) , 97 genes ( Fig. 4I and Dataset S3)], and two containing genes most highly expressed only in hCP (65 genes) (Fig. 4J and Dataset S3) or mCP (53 genes) (Fig. 4G and Dataset S3). Remarkably, genes more highly expressed in the mSVZ than other GZs were found in one of the CP clusters (Fig.  4I ) rather than the GZ clusters. The vast majority of the enriched FGA terms in the cluster shown in Fig. 4I were related to neuronal maturation processes (Dataset S4), consistent with the notion that such processes occur not only in the CP but presumably also in the mSVZ. Half of the enriched FGA terms in the cluster shown in Fig. 4H were related to Golgi-associated processes (Dataset S4), in line with the notion that establishing neuronal function is particularly dependent on the activity of the Golgi complex (39) .
When focusing on the classic ECM constituents and receptors among the ECM-associated genes, collagen genes were exclusively present in the GZ clusters (Fig. 4K and Dataset S3) . Moreover, the vast majority of the laminins (Fig. 4L and Dataset S3), proteoglycans ( Fig. 4M and Dataset S3), and integrins ( Fig.  4N and Dataset S3) were also found in the GZ clusters. Interestingly, when focusing on individual zones, in human the overwhelming majority of the ECM-associated genes were shared between the GZs, with only a few being specific for either hVZ or hISVZ/OSVZ, and with ECM-associated genes in hCP being clearly distinct (Fig. 4P) . In contrast, in mouse the ECMassociated genes were shared between the mCP and mSVZ, but were distinct for the mVZ (Fig. 4P) . These data have significant implications with regard to the site of production of specific ECM constituents in the developing human versus mouse neocortex and their potential role in the differential self-renewal capacity of human versus mouse NSPCs, as is discussed below.
Finally, it is important to emphasize that the majority of growth factors and morphogens included with the ECM-associated genes were found in the GZ clusters rather than the CP clusters ( Fig. 4O and Dataset S3). This finding points to an interplay between these factors and the ECM/ECM receptors in the signaling that ultimately influences the various types of NSPCs in the developing human and mouse neocortex.
Putative Regulation of ECM-Associated Genes by Transcription Factors.
We sought to obtain clues as to the transcription factors (TFs) that may regulate the ECM-associated genes within the nine clusters (Fig. 4 B-J) . To this end, for each cluster, the promoter regions of the genes contained therein were analyzed for overrepresentation of specific TF binding sites using oPOSSUM (40, 41) . The TFs implicated in the various expression patterns of ECM-associated genes across human and mouse cortical zones were then analyzed for their relative abundance in these zones. Only those TFs were considered that showed a significantly (P < 0.05) higher expression level in the cortical zones with a median log 2 fold-change >0 (Fig.  4 B-J, red columns) compared with those with a median log 2 foldchange <0 (Fig. 4 B-J, green columns) .
This analysis revealed strikingly different sets of TFs putatively regulating the ECM-related genes in hGZs and mVZ vs. h/mCP and mSVZ (Dataset S5). Remarkably, there was substantial overlap in the TFs between the five GZ clusters, suggesting that highly related transcriptional networks may drive the expression of ECM-associated genes in those h/mGZs that are characterized by a high abundance of self-renewing NSPCs. Interestingly, these candidate TFs included not only some already known to be involved in NSPC self-renewal, such as Sox2, but also transcriptional regulators not previously implicated in this process, such as ZNF143 (Dataset S5).
Conclusions
We provide genome-wide RNA-Seq-based expression data for the distinct GZs of the fetal human neocortex. Recently, similar data have been reported for the mouse (26), extending previous gene-expression studies on embryonic cortical NSPCs using microarray analyses (see e.g., refs. 28 and 42). In contrast, for humans, only different areas of the fetal neocortex, without distinguishing GZs and the CP, have been studied (43) . The implications of our data with regard to NSPCs in the developing human versus mouse neocortex and the potential role of the ECM in their self-renewal capacity include the following.
First, despite their cytoarchitectonic differences (14) , gene expression in the hISVZ and hOSVZ was found to be very similar. This finding presumably reflects the fact that the various Fig. 3 . Functional annotation clustering of genes differentially expressed among mouse cortical zones and between human and mouse cortical zones. Differentially expressed genes identified by DESeq (Fig. S5 ) that are upregulated (Left, >) and down-regulated (Right, <) between the indicated zones of the E14.5 mouse neocortex (A) and between the 14-16 wpc human and E14.5 mouse neocortex (B) were analyzed for significantly enriched FGA terms, which were clustered, using DAVID. The five clusters with the highest enrichment scores are shown. See note on FGA terms in Fig. 2C .
subtypes of BPs-that is, bRGCs, TAPs, and IPCs-are found in both, hISVZ and hOSVZ, albeit at different relative abundance.
Second, the functional annotations of genes differentially expressed in the various GZs revealed that increased ECM interaction and cell adhesion may underlie the greater self-renewal capacity of NSPCs in hGZs and the mVZ compared with the mSVZ. Potentially relevant ECM-associated genes include distinct sets of collagens, laminins, proteoglycans, and integrins, along with specific growth factors and morphogens. Our findings are in line with previous concepts (35) (36) (37) (38) and with the recent findings that (i) mouse NSPCs undergoing terminal neurogenic division down-regulate gene products enabling ECM interactions (28) , and (ii) interference with integrin signaling reduces the abundance of ferret bRGCs (23) .
Third, a role of ECM constituents and receptors in NSPC selfrenewal during cortical development may contribute to explaining the phenotypes observed in mice and humans carrying mutations in ECM genes. For example, loss of the proteoglycan perlecan results in microcephaly in mouse (44, 45) and human (46) . Interestingly, we found that perlecan was more highly expressed in those h/mGZs that are known to be rich in self-renewing NSPCs (Fig. 4B) . Moreover, the perlecan-containing cluster of ECMassociated genes (Fig. 4B ) also contained fibulin-4 (EFEMP2), mutations of which also cause microcephaly in human (47) .
Fourth, our findings that the three hGZs and the mVZ are major sites of production not only of ECM receptors, but also of ECM constituents, have interesting implications as to the cell biological basis underlying the putative ECM-based promotion of NSPC self-renewal. On the one hand, these cells may contribute, via vesicular transport in their basal processes, to the deposition of ECM constituents at the basal lamina, contact with which likely supports NSPC self-renewal (23) . In this context, it is interesting to note that genes, mutations in which result in major basal lamina defects and cortical development disorders, such as fukutin (48) , were more highly expressed in those h/mGZs that contain aRGCs and bRGCs (Fig. 4B) . On the other hand, ECM constituents may also be deposited locally in the GZs themselves, thereby creating a microenvironment conducive for cell proliferation and self-renewal.
In other words, NSPCs in the three hGZs and mVZ, but not the mSVZ, may generate their own niche. In the first of the above scenarios, this niche is linked to the basal side of the developing cortical wall (i.e., the basal lamina at the pial surface). In the second scenario, this niche is generated locally in those Numbers in parentheses refer to the total number of collagen, laminin, proteoglycan, integrin, or growth factor/morphogen genes expressed in the fetal human and embryonic mouse neocortex; numbers in the pie chart sectors refer to the number of the respective genes expressed in the indicated cluster. Black sectors, GZ clusters; white sectors, CP clusters. (P) Summary of the distribution of collagens (COL), laminins (LAM), proteoglycans (PG), integrins (INT), and growth factors/morphogens (GFM) between the various zones of fetal human and embryonic mouse neocortex (APs in blue, BPs in orange and red, neurons in green). Numbers in parentheses, total number of genes in respective class, as indicated in K-O; numbers in green/red/blue boxes, number of genes in respective class that are specifically overexpressed (red bars in B-J) only in the hCP or mCP (green), hISVZ, and hOSVZ or mSVZ (red), or hVZ or mVZ (blue); numbers in yellow boxes, number of genes in respective class that are overexpressed in more than one human or mouse zone; numbers in white boxes, number of genes in respective class that are overexpressed in both h/mVZ, hISVZ/ hOSVZ/mSVZ, or h/mCP.
GZs in which the majority of NSPCs can undergo self-renewal. These two scenarios are not mutually exclusive. Moreover, the basal lamina-containing blood vessels that occur throughout the GZs (49-51) may constitute an additional embryonic neural stem cell niche.
Finally, the present catalogs of genes differentially expressed among the various GZs of fetal human and embryonic mouse neocortex will help identify molecular markers for NSPC subtypes, notably BP subtypes, including cell-surface molecules that could be used to isolate NSPC subpopulations. This approach would extend previous microarray studies on NSPC subpopulations isolated from embryonic mouse neocortex (28, 42) . Moreover, comparison of gene-expression profiles between the various human and mouse NSPC subtypes may provide clues as to which genes control the number of proliferative and self-renewing divisions, which in turn should lead to insight into the interspecies differences in NSPC behavior during neocortex development that underlie the differences in neocortex expansion among species.
Methods
Fetal human and embryonic mouse cortical zones were obtained by lasercapture microdissection, subjected to RNA-Seq, and analyzed using state-ofthe-art methods. Details can be found in SI Methods. See Datasets S6 and S7 for further data regarding functional annotations of genes of each cluster using mean-shift clustering.
